pairs except ligand 14-ligand 28) or ten (ligand 14-ligand 28 pair) experiments.
The ligands that were expected to exhibit positive cooperativity (14 and 28) had a linear stimulus-response relation (Fig. 2G , blue curve); those that were expected to bind independently (14 paired with 26 or 27) yielded nonlinear stimulus-response curves with c values closer to 1 (Fig. 2G , black and gray curves, and table S1); and those expected to exhibit negative (or less positive) cooperativity (15, 16, 17 , or 20 paired with 28) yielded a series of curves with increasingly marked thresholds and decreasing inferred values of c (Fig. 2G , green, yellow, orange, and red curves). Some of the inferred c values were higher than expected from simple energetic considerations (table S1) (11, 12) . Nevertheless, the data demonstrate that negative cooperativity can, as predicted, imbue a marked threshold and a high degree of ultrasensitivity on the formation of a ternary complex between a receptor and two high-affinity ligands.
Another feature of the classical sequential models (models 1 and 2) is that receptor activation increases linearly with the total concentration of receptor (eqs. S7 and S8). This is not true, however, for model 4, which considers ligand depletion. In the high-affinity limit, the response is predicted to be biphasic. As the receptor concentration increases, the output initially increases, peaks when the stoichiometric ratio of receptor to ligand is 1:2, and decreases thereafter (Fig. 3 , A to C) (13) . The narrowness of the response peak depends upon the cooperativity of the binding; positive cooperativity makes the fall-off in output at high receptor concentrations occur gradually, and negative cooperativity makes the fall-off more abrupt (Fig. 3 , A to C). This phenomenon is conceptually related to the prozone effect, which was discovered in early studies of antigen-antibody interactions (14, 15) ; to the phenomenon of transcriptional squelching (16) (17) (18) ; and to the inhibition of protein kinase signaling by overexpression of scaffold proteins (19) (20) (21) (22) . Essentially, the receptor is behaving like a bivalent adaptor, and high concentrations of the receptor drive the formation of binary ligand-receptor complexes at the expense of the full ternary complex.
We therefore determined whether complex formation was a biphasic function of receptor concentration, again using the oligonucleotide ligands shown in Fig. 2C . The formation of the full ternary complex was biphasic, in good agreement with theory ( Fig. 3, D to G) . The ligands that were expected to exhibit the highest degrees of negative cooperativity produced the sharpest biphasic peaks, and, as shown in table S1, the inferred cooperativity values agreed reasonably well with those obtained from the threshold data in Fig. 2 .
Our results show that for the high-affinity interaction of a multimeric receptor with a depletable ligand, marked thresholds and high degrees of ultrasensitivity can arise as a result of negative cooperativity in the binding reactions. Such thresholds can allow a system to filter out small stimuli and yet respond decisively to suprathreshold stimuli. Moreover, the thresholds and ultrasensitivity that arise through this mechanism can be critical elements for the production of more complex systems-level behaviors, such as bistability and oscillations (23) . In addition, multimeric receptors can exhibit a biphasic response to changes in the concentration of the receptor, and this biphasic response is sharpest when strong negative cooperativity is in effect. These basic aspects of the regulation of multimeric proteins may be important both for understanding the behavior of natural regulatory systems and for designing synthetic ones. The small molecule alarmone (p)ppGpp mediates bacterial adaptation to nutrient deprivation by altering the initiation properties of RNA polymerase (RNAP). ppGpp is generated in Escherichia coli by two related enzymes, RelA and SpoT. We show that ppGpp is robustly, but transiently, induced in response to DNA damage and is required for efficient nucleotide excision DNA repair (NER). This explains why relA-spoT-deficient cells are sensitive to diverse genotoxic agents and ultraviolet radiation, whereas ppGpp induction renders them more resistant to such challenges. The mechanism of DNA protection by ppGpp involves promotion of UvrD-mediated RNAP backtracking. By rendering RNAP backtracking-prone, ppGpp couples transcription to DNA repair and prompts transitions between repair and recovery states.
B acteria respond to starvation by rapidly accumulating guanosine-3′,5′-(bis)pyrophosphate (ppGpp). This results in the inhibition of ribosomal and transfer RNA transcription and metabolic transition, known as the stringent response, which allows bacteria to conserve energy and adapt to adverse conditions (1, 2) . The global reprogramming of gene expression is a consequence of ppGpp binding to RNA polymerase (RNAP), which causes destabilization of open promoter complexes (3, 4). ppGpp acts synergistically with the transcription factor DksA, which also interacts with RNAP (5, 6). Evidence suggests ppGpp also functions independently in preserving genomic integrity (7) (8) (9) (10) . Here, we demonstrate that ppGpp is crucial for the process of nucleotide excision DNA repair (NER).
The majority of bulky DNA lesions are eliminated by NER (11) . Escherichia coli resistance to helix-distorting mutagens, such as ultraviolet (UV) radiation, 4-nitroquinoline-1-oxide (4NQO), and nitrofurazone (NFZ), depends on the intracellular level of ppGpp (8, 10) (Fig. 1A and fig. S1 ). Cells lacking relA and spoT (ppGpp 0 ) were sensitive to these stressors, whereas relA256 spoT203 SCIENCE sciencemag.org cells, which produced excess ppGpp under normal exponential growth conditions, were more resistant than the parent control ( Fig. 1A and fig.  S1 ). ppGpp was transiently induced in response to these challenges (Fig. 1B) . Its level increased more than 20 times within the first 15 min of genotoxic stress and then returned to basal levels within 45 min. Because DNA lesions caused by UV, 4NQO, and NFZ are eliminated predominantly by NER (12), we examined the potential role of ppGpp in NER.
RNAP facilitates the recognition of DNA damage by NER enzymes through transcriptioncoupled DNA repair (TCR) (13) . ppGpp is a modulator of RNAP activity and, therefore, could support NER by functioning in TCR. To test this, we compared the ability of wild-type and ppGpp-deficient cells to remove the UV-induced cyclobutane pyrimidine dimers (CPDs) from the individual DNA strands of the lac operon ( Fig. 1C and fig. S2 ). Wild-type isopropyl-b-Dthiogalactopyranoside (IPTG)-induced cells repaired CPDs in the transcribed strand of lac operon more rapidly than in the nontranscribed strand (14) (Fig. 1C and fig. S2 ). In contrast, ppGpp 0 cells displayed the same slow rate of repair on both strands, which was similar to the rate of repair of the nontranscribed strand in wild-type cells (Fig.  1C and fig. S2 ). Thus, ppGpp is important for TCR.
In the "forward translocation" TCR pathway, the translocase Mfd binds to the upstream edge of stalled RNAP (15) and pushes it forward against the lesion, which terminates transcription (16, 17) . Mfd then recruits UvrA to the site of damage (16) to initiate NER. The "backtracking" pathway relies on the 3′-5′ helicase UvrD, which binds RNAP and pulls it backward, away from the lesion site, which exposes the lesions to NER enzymes (18) . To determine which of the two TCR pathways requires ppGpp, we combined the relA spoT deletions with either uvrD or mfd (Fig. 2A) . The sensitivity of Dmfd DrelAspoT to 4NQO, NZF, or UV was approximately equal to that of the sum of the sensitivity of individual Dmfd and ppGpp 0 mutant strains. An additive effect of Mfd and ppGpp indicates that the two factors act in different repair pathways. In contrast, the DuvrD DrelAspoT mutant was as sensitive to genotoxic agents and UV as DuvrD alone ( Fig. 2A and fig. S3 ). The epistatic relation between UvrD and ppGpp suggests that they act in the same, backtracking-mediated TCR pathway.
Transcript cleavage factors GreA and GreB interfere with UvrD-mediated TCR, as they compete with UvrD-mediated backtracking (18) . Inactivation of these antibacktracking factors greatly suppressed the sensitivity of ppGpp 0 cells to being killed by genotoxic agents and UV ( Fig.   2B and fig. S4 ); from this, we argue that ppGpp acts as a probacktracking factor in UvrD-mediated TCR. In bacteria, transcription and translation are coupled. The leading ribosome directly controls the rate of transcription elongation by preventing RNAP backtracking (19) and, thereby, also interferes with UvrD-mediated TCR (18) . Analogous to the situation with Gre-deficiency, we show that slowing ribosome translocation with a sublethal dose of chloramphenicol (Cm) rendered ppGpp 0 cells more resistant to genotoxic chemicals and UV (Fig. 2C and fig. S5 ).
DksA has been shown to promote ppGpp activities in vivo and in vitro (5, 6) . Accordingly, DksA-deficient cells were sensitive to 4NQO, NFZ, and mitomycin C, whereas inactivation of GreA fully suppressed this sensitivity (8) (Fig. 2D and fig.  S6 ). Moreover, DksA overexpression suppressed the sensitivity to genotoxic stress in the absence of ppGpp ( fig. S7) . Collectively, these in vivo results argue that ppGpp, in conjunction with DksA, promotes UvrD-mediated TCR by facilitating RNAP backtracking.
To test whether ppGpp assists UvrD in promoting RNAP backtracking, we examined the effect of ppGpp and UvrD on transcription elongation in a reconstituted single-round runoff assay (Fig. 3A and fig. S8 ). UvrD forced RNAP to stall at many sites so that only a small fraction of transcription complexes reached the end of the template to form a full-length runoff product (18) . The majority of observed paused or arrested complexes were the result of UvrD-induced backtracking, hence, their sensitivity to GreB (Fig. 3B and table  S1 ). Addition of 100 mM ppGpp, a concentration corresponding to the cellular level of ppGpp during the stringent response, greatly stimulated UvrD-mediated backtracking: Less than 20% of RNAP molecules traversed the middle of the template in the presence of ppGpp together with UvrD (Fig. 3A, lane 6) , whereas more than 50% of RNAPs did so in the presence of UvrD alone (Fig. 3A, lane 3) . DksA + ppGpp further promoted the probacktracking activity of UvrD (Fig. 3A, lanes 7 to 9) . DksA alone potentiated UvrD-mediated backtracking only slightly (Fig. 3A, lanes 10 to 12) .
The structural model of the ppGpp-RNAP complex suggests that ppGpp facilitates partial opening of the RNAP clamp (4), which may render RNAP prone to backtracking. To test this prediction, we monitored the front edge of a stable elongation complex (EC) stalled at position +32 (EC32) by probing it with exonuclease III (Fig. 3C and fig. S8 ). The footprinting of EC32 showed that RNAP was almost evenly distributed between post and pretranslocated states (lane 3). ppGpp shifts the equilibrium toward the pretranslocated state (lane 4). Longer incubation with exonuclease III resulted in progressive backtracking, which was more prominent in the presence of ppGpp than in its absence (lanes 5 and 6).
To confirm that ppGpp also facilitates RNAP backtracking in vivo, we used a plasmid (p1EC) in which the Lac repressor bound to its operator site blocks an isolated EC~70 nucleotides downstream of the transcription start site (Fig.  3D) (20) . To monitor the effect of ppGpp and UvrD on the positioning of the halted EC, we performed in situ DNA footprinting using the single strand-specific probe, chloroacetaldehyde (CAA). Cells transformed with the plasmid pEC1 alone or pEC1 together with the UvrD overexpression plasmid (pUvrD) were treated with serine hydroxamate (SHX) to induce the stringent response (fig. S8) . ppGpp induction caused the roadblocked EC to backtrack over a longer distance (Fig. 3D, compare lanes 3 and 4) : CAA reactive sites were more prominent upstream of the footprint, and the reactivity of the downstream margin of the bubble was diminished. Backtracking was substantially more extensive in the SHX-treated cells that overexpressed UvrD (lane 5). SHX failed to promote backtracking in UvrD-deficient cells ( fig. S9) . Thus, as shown in vitro, ppGpp also facilitates UvrD-mediated RNAP backtracking in vivo. Consistently, SHXpretreated cells are more resistant to genotoxic stress ( fig. S10) .
A stringent RNAP allele, rpoB*35, carries a point mutation [in which glutamine replaces His 1244 (H1244Q)] in the beta subunit that mimics the presence of ppGpp (7) . rpoB*35 suppressed the sensitivity of ppGpp 0 cells to genotoxic agents and UV (8) (Fig. 2E and fig. S11 ). In the absence of UvrD, however, cells harboring rpoB*35 were unable to effectively suppress their sensitivity to DNA-damaging agents and were almost as sensitive as uvrD -cells ( fig. S12 ), which suggested that rpoB*35 acted via UvrD-mediated TCR. To test this directly, we examined the effect of UvrD and ppGpp on rpoB*35 RNAP in vitro. RpoB*35 was purified and used in a single-round assay (Fig. 3A) . In the absence of UvrD, the RpoB*35 enzyme elongated slightly faster than wild-type enzyme (21) and was less responsive to certain strong pauses (compare Fig. 3A , lanes 1 and 13) (21). However, RpoB*35 became much more prone to backtracking in the presence of UvrD (Fig. 3A,  lanes 14 and 15) . The extent of UvrD-mediated backtracking by RpoB*35 was comparable to that of wild-type enzyme in the presence of ppGpp and DksA (compare Fig. 3A , lanes 8 and 9, as well as 14 and 15). Moreover, addition of ppGpp (with or without DksA) to the RpoB*35 reaction had no further effect on UvrD-mediated backtracking (lanes 17 and 18) . We thus conclude that RpoB*35 mimics the effect of ppGpp on wild-type RNAP. These results provide direct support for the UvrD-and ppGpp-mediated TCR and explain how ppGpp couples transcription to DNA repair. Here, we implicate ppGpp as an important component of UvrD-mediated TCR (fig. S13) . Data from three independent experiments are presented as the means ± SEM (P < 0.01). Representative efficiencies of colony formation are shown in fig. S11 .
Our in vivo and in vitro data indicate that ppGpp and UvrD act together to promote backtracking and that this probacktracking activity accounts for most of their phenotypes with respect to DNA damage. Modeling suggests that RNAP undergoes a conformational change upon binding ppGpp, which widens its "clawpincers" (4) and renders it prone to backtracking (22) . In the absence of stress, the E. coli cell contains~3 × 10 3 molecules of UvrD (23), at an approximately 1:1 ratio with RNAP. Considering the high affinity of UvrD for RNAP (K d = 35 nM), most of the UvrD should be sequestered by RNAP under normal growth conditions. However, for UvrD to act as a helicase capable of backtracking, it must form a dimer (18, 24) . Such dimers are not stable (K d ≈ 470 nM) (25) . As the induction of UvrD during the SOS response is only two-to threefold (26) , UvrD dimerization is expected to occur only intermittently during stress. Thus, by lowering the energy barrier necessary to cause backtracking, ppGpp widens the critical window of opportunity for UvrD to act in TCR. DksA contributes substantially to UvrDand/or ppGpp-mediated TCR (figs. S6 and S7), because it stabilizes RNAP in the backtrackingprone state imposed by ppGpp (Fig. 3A) (4) and competes with antibacktracking Gre factors for the same binding site on RNAP (6) .
Codirectional collisions between the replication fork and backtracked RNAP often lead to DNA double-strand breaks (21) . However, because ppGpp accumulates only during the critical phase of genotoxic stress (Fig. 1B) , when it also inhibits replication (9, 27), such detrimental collisions are effectively avoided. The timely decline of ppGpp triggers the recovery process ( fig. S13 ), which relies on the concerted action of antibacktracking factors-GreAB, active ribosomes, and Mfd-that compete with probacktracking UvrD (Fig. 2 and figs. S4, S5 , S14, and S15) (18, 19, 28) . Thus, ppGpp not only helps to activate UvrD-TCR but also ensures that the process is deactivated promptly so that transcription may recover and that conflicts with replication are avoided. Fig. 3 . ppGpp promotes UvrD-mediated RNAP backtracking in vitro and in vivo. (A) EC20 was formed by wild-type RNAP or RpoB*35 (lanes 13 to 18) at the T7A1 DNA template and then chased in the presence of specified amounts of UvrD. ppGpp and/or DksA were added to the chase reaction as indicated. The probacktracking activity of UvrD was assessed as a ratio (%) between the total amounts of RNA products located above and below the arbitrary midsection line indicated by red asterisks. Mean values ± SEM (P < 0.05) from three independent experiments are shown in table S1. 
